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Source Requirements for a New Light Source in the
Soft X-Ray and VUV

~100 eV -1 keV

Elemental specificity, spatial resolution, penetrating harmonics to 5 keV

power, inner-shell atomic physics

Tunable X-rays {

High average X-ray power without sample damage 1-100 MHz possibility

High Repetition Rate 10-100 kHz
Signal averaging { Watts to 10°’s Watts X-ray power
Ultrafast Time resolution and Synchronization
Required for all dynamics studies

Freezing atomic motion, femtosecond dynamics 250 as — 500 fs pulses

Controlled, intense pulses ~ ,
Single-shot appliceft)ions, nonlinear effects S0 udin 50 1s = 1 GY\! )
Limit flux/pulse 3 50 um focus = 4x10'3 W/cm
Avoid sample damage 1 pd in 50 fs = 20 MW
__ 50 pm focus = 8x10"" W/cm?
Coherence
Monochromatic source ~
Transverse coherence for small focus J  Close to Fourier transform limit
High degeneracy (N5 Per optical mode)
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Concept for a High-Repetition Rate, Seeded,
VUV-Soft X-ray FEL Facility

Array of 10 configurable FEL beamlines, up to 20 X-ray beamlines
100 kHz CW pulse rate, capability of one FEL having MHz rate
Independent control of wavelength, pulse duration, polarization
Each FEL configured for experimental requirements;
seeded, attosecond, ESASE, mode-locked, echo effect, etc

Beam transport and

Injector anst
CW superconducting linac switching
Laser Bunch ~2.4 GeV
heater unc

l compressor
(4

—2
R

Low-emittance,
MHz bunch rate Laser systems,

photo-gun timing & synchronization )
<1nC rm m
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LBNL R&D goals

Develop a credible machine pre-conceptual design
Develop technologies to reduce risk and costs
Build expertise and demonstrate competence in critical technologies
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LBNL R&D activities

FEL designs and

Production and technologies for

manipulation of Beam delivery to accelerate and control of X-ray

elec.:trons for transport high-brightness and high- output
optimal X-ray
. power beams to the FELs
production
A A
 EER

~N\/1L

S i &S
7 NS

Laser systems for seeding,
optical timing & synchronization

High frame-rate detectors
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High quantum yield multi-alkali cathodes for
psec pulsed electron sources

LCLS uses a state of the art RF photo-injector
- Large frequency tripled Ti:Sapphire laser + copper cathode

NGLS photo-injector needs to operate at 10,000 x the repetition rate
- Laser scaling not possible
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Latest results with antimonide deposition system

Choice of material K,CsSb
- ~ 10 % in the green
- Enables use of simple fiber lasers

- Requires good UHV (low H,O partial pressure)

Very high QE achieved in new deposition system

20 % QE 496 nm including accelerating field
8% QE at zero field

50 - Computer controlled MBE chamber

o 45
— 40 T : - o
2 // \\ R - Laser plasma UV-visible source
T sl = o o
S 20 N - Very rapid in situ QE monitoring
= 15 ]
E 10 -/ . \‘;\
o Z | ——— - Special rapid heat / cool stage
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Latest results on alkali antimonides

- Enables use of small, very efficient, low power
turn key fiber lasers

- 1 MHz, 1uJ (1064 nm), 0.5uJ (532 nm), 500 fsec
- 300 x 200 x 100 mm laser head

@» Fianium

-r""-‘_ —

- Initial grazing diffraction from alkali antimonide

- AFM shows 50 nm roughness
- might affect emittance in a
high gradient field

Scattering Angle (degrees)

Spectral Response Time Evolution - 18 hr lifetime at ~10-° mBar
- Need low partial pressure of H,0

NEG modules

:? , - Investigating capping layer
E 4 . . Cathode
E ——¢ - LBNL VHF gun is designed for 10-1 Torr nstonexacton
3 8 RF couplers
% 10
=)

S R R B 8§ ¥ B B 2 % 8 —y

Wave [nm] 16
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Photocathode Laser (1)

Pre-Amps 1-2 Pre-Amp 3

) Pre-
1l ,
Oscillator Stretcher AOM—D—D—- Stretcher —D

Pulse Frequency .
— Shaper =1 Conversion Compressor Final Amp

Lawrence Livermore 1 MHz

National Laboratory 1 mJ @ 1064 nm (1 W)
~0.4md @ 532 nm (0.4 W)
Built by LLNL ~1 ps FWHM
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Photocathode Laser (2)

<
D
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PPLIED PHOTONIC SYSTEMS

Built by Q-Peak and MIT-LL

D

S

10 mW @100 kHz Mode-Locked
100 mW @ 1 MHz Oscillator
Pulse Picker 0.1 mJ per pulse
10W
100 MHZ

4-Pass
1.0-2.5mJd @100 kHz
- /
CryoYbYAG > 0 "X (g y w100 fo 300 W
Amplifier

1

500 W Pump

Passively mode-locked cryo Yb:YAG laser
Use a pulse picker to reduce the repetition rate to as low as 100 kHz

Amplify the resulting pulse train in a 4-pass cryo Yb:YAG laser B ;

—
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A High Rep-rate VHF Cavity Electron Gun

NEG modules ____ I e Simultaneous requirements for a NGLS
electron source:
« Repetition rates of up to ~ 1 Mhz
e Sub 10-®* m normalized beam emittance
« Compatibility with magnetic fields at the
photocathode
« Variable bunch length for controlling
space charge effects
« Final beam energy > 500 kev with
gradients > 10 MV/m
e Charge per bunch up to ~ 1 nc
« “Easy” installation and test of different
kind of cathodes
e 10" torr vacuum capability

injection/extraction
channel

~

J. Staples, F. Sannibale, S. Virostek, CBP Tech Note 366, Oct. 2006

||||
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A High Rep-rate VHF Cavity Electron Gun

UHV systems

Multiple laser l
ports |

J. Staples, F. Sannibale, S. Virostek, CBP Tech Note 366, Oct. 2006
K. Baptiste, et al, NIM A 599, 9 (2009)

Frequency 187 MHz
Operation mode CwW
Gap voltage 750 kV
Field at the cathode 19 MV/m
Q, 30887
Shunt impedance 6.5 MQ
RF Power 90 kW
Stored energy 23)
Peak surface field 24 MV/m
Peak wall power density 25 W/em?
Accelerating gap 4 cm
Diameter/Length 70/35 cm
Operating pressure < 10" Torr
rfrml |ﬁ|
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Injector beam dynamics

Pareto optimal for 95% emittance
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APEX
Advanced Photoinjector EXperiment

* RF, Gun, Cathode, & Laser tests in the ALS Beam Test Facility (BTF)
« Cavity RF conditioning planned for late summer

Laser systems on

Cathode mounting & vacuum Diagnostic 30-40 MeV roof (not shown)
load-lock mechanism beamlines booster

Beam dump

1{o] ¢ Phase TW
Mhotocathode\




Multi-physics, high resolution modeling

Longitudinal phase space at the end Evolution of longitudinal phase space
of echo chicane in chicanes

s=d4. 1185 m;, E=233.005 MeV s=89.9185 m; E=591.028 McV

o2}

delta ganma {/mc™2)

Position along bunch (pm) .. T
q q

« Large scale high resolution (e.g. 5 billion macroparticles) is needed in
order to resolve the fine structure (sub micron) in the echo seeding scheme
and the laser heater anomalous trickle heating

* Multi-scale resolution in parallel beam dynamics simulation will help
significantly lower the computational cost

>

A
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J. Qiang, R. D. Ryne, M. Venturini, A. A. Zholents, I. V. Pogorelov “High resolution simulation of beam dynamics in electron |
linacs for x-ray free electron lasers,” Phys. Rev. ST Accel. Beams, 12, 100702 (2009) J. Corlett August 2010 16




Multi-physics, high resolution modeling

0.04 ' .
1
IMPACT simulations of the longitudinal phase space no sc, no csr
Collective effects are neglected (blue)
Collective effects included (green, red) il 1
. o . oppe w
Simulations with one billion macroelectrons (green) =
=
Simulations with 10 million macroelectrons (red) B nasl |
S 0.
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>
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Develop methods to control
the phase-space of beams

« Limit variations of electron energy along
Close to ideal the bunch
(coreis “flat”)  « Demonstrated a solution for high-charge

45 (0.8nC) long (500fs) bunches exploiting
wake-fields from rf structures [LBNL-26706-

E (2009)]
» Lower charge bunches are more

5% 03 - * A problematic (rf wakes not as strong)

Not so ideal

é

- Explore novel remedies (high
permittivity material insertion
generating controllable wakes)

- Examine feasibility of more
traditional solutions using rf
structures. Evaluate trade-offs

Electrons in the longitudinal tails of beam distribution

may have to be removed to avoid uncontrollable losses. (ﬁy g 1 d}y
We have proposed a novel device to accomplish L] . i T ra

the task [LBNL-26706-E (2009)] 5

Conceptual design needs to be followed by detailed ‘L—T “““““““““ j& “““““““““ m— .

simulations to verify performance, feasibility s By gvalinion INyIZjHARS

Active tail management

1f deflecting Collimator f deflecting

Two identical rf structures separated by 2 FODO cells with /2 phase advance each 18

=




Fast kicker and pulser

*Design, construction and test of a high repetition rate fast
kicker and pulser
» Demonstrate reliable operation at the required field
quality and shot to shot stability

Beam Energy 2.4 GeV E]
Bend Angle 3 mrad

Magnet Length 2m

B Field 60 G ]
E Field 1.8 MV/m -
Aperture 17 x 17 mm

Rise/Fall Times 5ns

Pulse Width 10 ns

PRF 100 kHz

N
A
rreeeee
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Transmission line adder pulser

SHV SHV
Connector Connector

Magnet

To Switch PCBs To Switch PCBs
Adder Structure Adder Structure
2.5 0hm 2.5 0hm
Striplines Striplines
X5 X5
To Switch PCBs To Switch PCBs

Ferrite Ribbon
Cable Clamp

A
freeeee ‘m
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L [GeV

Development of undulator technology
can have great impact on machine size and cost

Short-period undulators to radiate at lower energy ; A (1 K2
—ray = undulator | 14 2>
e 1-4nm tunability 2y L 2 J
e 5.5-6.5mm magnetic gap shown
° Kmin=0'8 & K:eBO;tundulator
N2 27xmc
)
A
2N O
1.9 22
1.8 20
Hybrid PM
. Y t Hybrid PM
£ 16
1.G = :
Nb,Sn SCU.-— = 14 Nb,SnSCU .
127
1.4 | |
1.5 20 2.5 3.0 3.5 4.0 llj.S 2.0 2.5 3.0 3.5 4.0
A2 [nm A2 [nm]
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Next-generation variable polarization undulators
for soft x-ray FEL’s

« “Traditional” approach:

— Different methods for coil-to-coil transitions
« Can use NbTi or Nb;Sn |
— Bnpasn/Bpri~1-4 RS s =S

A~
il R e !
Lo T R
£

 Variable polarization using a 4-quadrant array of coil-series, offset in z
by A/4 (coil series a and 3)




A new approach to short period undulators

* HTS concept:
— “Winding” defined by lithography
— Use coated conductors
* YBCO is best candidate
+ Useat 4.2K
— ~1 micron YBCO layer carries the current
- 12mm wide tape carries ~300A at 77K to next layer

— factor 5-15 higher at 4.5K, depending on
applied field

1st Layer

current * cuts in YBCO tape
2nd | ayer joint

| HTS tape stacks \(\A

e = S

==>~ 30 nm LMO

:{> 2um Ag
H l 1 pm HTS

—==~ 10 nm IBAD MgO :

ST
LTS
[y
Ty
I
LS

T \
IR | >

UL ‘\ L‘%

T
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FEL design
Synchronized two-color attosecond pulses

C1 C2 C3
R1 W3 R2

4698 T T T T T T T 4702 T T T T T 300000 T T — T
— radiator 1 ——
V/- 4701 - J radiator 2 —»—
] £ 250000 | .
4700 RS =
4699 X . "s}: é 200000 |
© © g i s
E 4697 £ 0% i ;f ® 150000 |
g g 4697 iy =
pan §> 100000 |
w % 50000
— &
4696 —— e 4693 L— - : - - e — e
01 02 03 04 05 06 07 08 1.76 1.78 1.8 1.82 1.84 400 450 500 550
z (micron) Z (micron) photon energy (eV)
Striation in phase space Microbunching generated Output spectrum
at high harmonic (2-3 nm) from 2 pulses
Two short pulses from one beam, distinct wavelengths
e uses EEHG scheme, both pulses share first modulation
« differential tuning by adjusting later energy modulation and chicanes

A
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BERKELEY LAB

A. Zholents, G. Penn, “Obtaining two attosecond pulses for X-ray stimulated Raman spectroscopy,” NIM A 612 (2010) 254. J. Corlett August2010 24



FEL design
HHG Seeded FEL

Example with seed at 30 nm, radiating in the water window
First stages amplify low-power seed

100 kW
A=30 nm
1 GeV beam : -__
500 A

1.2 micron emittance
75 keV energy spread

- Neon 0.35

8

T I P e 03t

= 300 MW output at 3.8 nm o5 |

[0 h . . :

300 li (8" harmonic) froma £ |

P ﬁ 25 fs FWHM seed 5

S z 015}

210 R } D?

g 01}

2103 0.05 |

E 50 40 30 20 0 L o L

Wavelength (nm) .60 -50 -40 -30 -20 -10 0 10 20 30 40

Fig. 1: High Harmonic spectrum in Ne. t (fs) - .

M. Gullans, G. Penn, and A.A. Zholents, “Performance study of a soft X-ray harmonic generation FEL seeded with
an EUV laser pulse”, Optics Communications 274, 167-175 (2007)



High-power HHG system

Initial challenges to be addressed

Produce high intensities (>10'° photons per-pulse per-harmonic in 10-60 eV)

*Separate efficiently the HHG photon beam from fundamental

*Separate cleanly one harmonic while preserving high mode quality, beam intensity, temporal

and spatial coherence
*Robust set-up with high pointing stability - critical for overlap with electron beam

- f=4m lens
P01 mTorr
ArfXe inlet
H — =
\ \ P=1 mTor
Vw
pio\—> ] p=aTarr }
I =
Sapphire window
—_ HHG chamber
&

1 kHz, 30-40 mJ Diagnostics

Laser system Separation of HHG

and fundamental

Hish H G . Separation of Har onics
i armonic Generation
g ’_\‘l

EEEEEEEEEEE
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Block diagram of > 30 mJ, kHz, femtosecond laser system

4 md

Broadband Filtered Linear
Oscillator Regen Amp

10 mJ

Compressor

75 W IR -> ~75 pW VUV e
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HHG seeded Laser Plasma Accelerator driven FEL

L’OASIS LPA-driven FEL

= Multi-beam synchronized laser system
= 0.5-GeV-class electrons from LPA

= Electron beam transport optics

= Undulator

= Single-shot electron & EUV diagnostics .
= Know-how on HHG sources & FELs ceeren) .ﬁ|
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Timing & synchronization is critical for X-ray FELs

 Initiated by LDRD seed funding in 2005-06, now the world leader in high
precision timing for accelerator-based light sources

- Demonstrated timing distribution over fiber links with <10 fsec stability over many
days (Opt. Lett. 34, 3050 (2009)

- Developed, built, and commissioned LCLS laser synchronization system ($2.2M)
Critical component to enable first LCLS pump/probe experiment (Sept 2009)

1 T ]
corrected
--------- uncorrected/1000

' 2.2km

4]
=

e 1kHz bandwidth

0 L - For 2.2km, 19fs
. 1 RMS over 60
y , . hours
-100F (a) 22km ) ol
| | | | | | |
0 10 20 30 40 50 60 e For 200m, 8.4fs

RMS over 20
hours

Wavelength &
locker

200m

| (6)200m

o
<

Delay error, femtoseconds
o

CW laser

9
S

LBNL system installed in the Near
End Hall at the LCLS. Planned I

1 1 rreeeere o
expansion to 16 channels in 2010 0 5 10 15 20 /\I

||||
Time, hours
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Timing & synchronization system implementation

RF input
Signal fiber
(km)
X RX temp.
control, cal out
RF in temp. 0.01C
1560.49nm control,
| 0.01C +55MHz
cw LLRF controller
fiber AM freq. _@_
laser @l shifter
T J, LOin
Rb : C RF out
oo RF in
locker \ 110MHz beat S?

Changes in line length are sensed by interferometer, beat signal sent to receiver (55 MHz)
Receiver applies phase shift to frequency shifter RF, stabilizing optical phase at end
Optical phase correction is used to calculate RF phase shift

Thermal drift of beat fiber delay is ~1ns, becomes 0.5fs of optical phase error on main
CW laser is absolutely stabilized

Detection of fringes is at receiver ceceeny] ‘.ﬁ‘
Signal paths not actively stabilized are temperature controlled
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Next: attosecond timing

LCLS demonstrates <10 fsec electron and x-ray pulses

Future seeded FEL experiments will have sub-fsec requirements on laser/laser
synchronization

Concept:
Attosecond experiments will use carrier envelope phase stabilized lasers

Carrier Offset Phase

¢
co

1)

Lock the same harmonic in each laser

Stabilize the link between the two lasers and the two lasers will be synchronized

Stabilized link (>100 m)

Laser reprate

=

: T) ®

beat note w,
/

Master clock

1(f)

>
2nw+o,
>@®

/% beat note w,
Y

L.

>

A
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Path to Higher Detector Readout Speeds

» High Speed Readout Roadmap

Today: 200 fps
e FastCCD (FCCD) and compact FastCCD (cFCCD)
Tomorrow: 4,000 fps
« “femtoPix” - Silicon-on-Insulator (SOI) Detector
- Femto second time resolution
- Performance results late 2010

Day after tomorrow: 10,000 fps

e Very FastCCD (VFCCD) - Fully implemented column
parallel CCD

» Hardware development only

NGLS Grand Opening: 100,000 fps

e NGLS CCD - VFCCD integrated with on-chip signal
processing

nnnnnnn

—WR e Wsi

‘w— CLMP '#— C_MP2

= b
! R P ang E
Vrer Voo B i

R 8

%SOI detector : == |
i (diode) Pixel - 17.5um : |

cFCCD Camera mounted to LCLS ready mechanics

e




How we get there from here

Performance Demonstration

“Outside” Implementation cFastCCD

e Implement real-time data compression “outside” of the
CCD detector using Field Programmable Gate Arrays
(FPGA) in-line between the Detector and Data
Acquisition System

- Proves algorithm performance
- Demonstrates clearly the limitations of moving
data off chip at required speeds

- | S L T LT

102 to 103 Hz

Future Development

“Inside” Implementation

« Demonstrate that the algorithms can be implemented on
the same silicon as the detector

- e.g. Cell phone cameras compress full images into
JPEG files

- Cell phone cameras = $5B/year industry 10° Hz

~
/\
frreeeee
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Accelerator R&D Collaborations

e Current activities:
v' SLAC/ LCLS
* Photo-cathodes, ECHO-7, LCLS-II FEL design, timing &
synchronization, soft x-ray science
v' TINAF s G

-,
& |I'.

¢ CW SCRF cryomodaules, cryosystems, photo-cathodes,
injector, beam dynamics

v' FERMI @ ELETTRA
* RF timing & controls, FEL design

Arggnqgcan I = E??Eija V iv
L|_ Lawrence Livermore | o '"' |

National Laboratory m"w

FERMI

SL ’%\G @elettra

ct‘, beam dynamics, FEL
isconsin Madison

* Injector, beam dynamics W
v’ Frascati SPARC/X and Shanghai SINAP /
* High-resolution modeling
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